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1.0 ZNTRODUCTZON 

0 f'\.,., ••. f'l. "..., 
v • v v u '~ 

The Work Plan for Additional Investigations at the Somers 

Tie Plant provided an outline of activities to be conducted for 

hydrogeologic investigations and computer modeling in response to 

comments received for the Remedial Investigation Report (ReTeC, 

1987a), the Feasibility Study (ReTeC, 1987b), and the Risk 

Assessment Report (ReTeC, 1987c). The modeling effort was 

proposed to refine the current understanding of existing site 

conditions and to project future groundwater quality conditions 

under various scenarios at the Somers site. 

In March 1988, several initial analytical model runs were 

conducted to determine the feasibi~ ity of proceeding with a 

numerical model and to determine the extent of additional field 

work (ReTeC, 1988). As a result of these model runs, it was 

decided to install three new groundwater monitoring wells down

gradient from the CERCLA Lagoon. These three new wells were 

subsequently sampled along with two other wells in the vicinity 

of the CERCLA Lagoon. The results of this sampling event have 

been used to calibrate the modeling efforts and have been 

incorporated into this report. 

The transport of naphthalene as a solute down-gradient from 

the CERCLA Lagoon area was modeled with a two-dimensional 

analytical solution to the advection-dispersion equation. The 

transport of naphthalene was modeled because it has the highest 

mobility in water compared to the other polynuclear aromatic 

hydrocarbons present at this site. Modeling naphthalene trans

port will therefore account for the greatest extent of plume 

migration. The delineation of the maximum extent of the down

gradient plume from the Cercla Lagoon is the primary concern of 

this modeling effort. 

The modeling effort included the results of the most recent 

groundwater sampling event conducted in June 1988. In all, 34 

model runs were conducted. Section 2.0 presents the site 

1 
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description including a synopsis of the geology and the acquisi-

tion of the field data. Section 3.0 presents the details on the 

analytical modeling including the area modeled, the parameters 

used to run the model, and the variations of these parameters. 

The modeling results are presented in Section 4.0 and the summary 

is included in section 5.0. 
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2.0 SITB DESCRIPTION 

2.1 Geologic setting 

The geologic setting of the Somers site was documented in 

the Remedial Investigation (ReTeC, l987a). The RI shows the area 

of the Cercla Lagoon to consist of interbedded silts, clays, and 

fine-grained sands deposited in a deltaic environment. A small 

prograding delta formed in areas where the Flathead River entered 

Flathead Lake. The site of this delta would change through time 

as the Flathead River meandered across the valley. In areas 

abandoned by the river as it changed its course, sediment influx 

would be diminished causing the previously deposited sediments to 

be reworked by the action of the lake. 

The Flathead River at one time e"'tered Flathead Lake in the 

vicinity of the Somers site, as evidenced by the slough which is 

a cut-off meander loop of the river. The subsurface geology of 

the CERCLA Lagoon area consists mainly of silts and clays with 

minor interbeds of fine-grained sands. These lithologies are 

interpreted to have been formed as either distal portions of 

over-bank deposits and crevasse splays or as prodelta muds 

prograding into the lake. 

Figures 2-1, 2-2, and 2-3 present the boring logs of the 

three new wells installed in June 1988. The logs document the 

generally fine-grained nature of the sediments and show a general 

progression of clayey silt to very-fine sand grading with depth 

into clay with interbeds of medium-grained sand. Analysis of 

split spoon samples in the field indicated that a three to four 

foot sand bed in the clay unit was the cleanest, best sorted, 

coarsest grained, and most permeable unit encountered. This unit 

is referred to as the deltaic sand aquifer in this report. It 

was felt that monitoring the deltaic sand aquifer would give the 

worst case results because any contaminant would be able to 

migrate furthest through this permeable unit. 

3 
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REMEDIATION 
TECHNOLOGIES INC BORING LOG BORING 

SHEET 1 OF I 

PROJECT Somers, MT 

PROJECT • 86-Q 11-320 

LOCATION near CERCLA lagoon 

TOTAL DEPTH 37' 

DATE .May II, 1988 

STARTED 5-11 COMPLETED 

LOGGED BY AMC 

SAMPLE 
TYPE 
AND 

NUI-1BER 

modified 
split spoon 

split spoon 

~: 
M~ ~~ 

10-12 

12-14 

15-17 

17-19 
19-21 
21-23 

23-25 
25-27 
27-29 
29-31 

33-35 

37-39 

GROUNDWATER DEPTHCFT> 

~~ 

18" 

3" 

24" 

24" 
24" 
24" 

24" 
24" 
24" 
24" 

24" 

24" 

5-13 

~. 
~t: 

5 

10 

15 

20 

25 

30 

35 

40 

CONTRACTOR Hillman Drilling MONUMENT 

DRILLER Ed Hillman/Joe Berry RISER 2· PVC Sch. 40 Flush Joinl 

RIG TYPE Schram Rotodrlll SCREEN 2" PVC•" 27' to 37' 

METHOO hollow stem auger" FILTER PACK """ 23' to 37' 

CASING ID 4 l/4" SEAL II !I !Ill 20'2" to 23' 

BORING ID 6 7/8" GROUT 

BIT TYPE GROUNDELEV 

SAMPLE DESCRIPTION 
CLASSIFICA T:ON SCHEM 

Topsoil, black. some gravel > air drilling rotary 
Silt, slighty sandY,. brown, moist 
Very fine sand, Silty, hrown, creosote odor, staining. oily In 
spots, orange mottling l.hroughout pushed spoon 5-I 0'; 
recovered 1' 

12-14 Same as above with orange mottling throughout. saturated, 
finer material at 12', very fine sand, silty, creosote odor, •;isible oil 
15-17 Silly, gray, some very fine sand, very mo1st, oily, 
brown creo nodules, clumps surrounding vegetal matter 
17-19 Silt, gray, some very fine sand (more in center than at 
ends), brown creo nodules - first foot then none below 
19-21 Clay, gray, moist. no creo visible but odor present 
21-25 Clay, gray, moist, no creo visible but odor present· 
25-27 Clay, gray, moist, no creo visible but odor present 
27-29 Gray clay, 28' sand med gramed-3"; clay-2", sand-6" 
29-31 Sand, gray, clayey, med grained, saturated throughout 
31-33 No sample 
33-35 Clay, sand, gray, slightly coarser grained sand. 
particles, magic marker odor, moist 
35-37 same as 33-35, very slight odor 
37-39 Clay. slightly sandy, gray, slight odor 
38 Clay, gray, slight odor 

DATE/TIME 

REMARKS: "after 10 feet " n 0.01 slot """ 10-20 Colorado Silica Sand 
"" •" American Colloid crumbles 

Attempted Shelby at 23-25- no recovery 
Attempted Shelb at 29-31 -no recover 

Soil samples collected were analyzed for PAH, ZN 

Figure 2-1 

.... 
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TECHNOLOGIES INC BORING .LOG SHEET 1 OF 2 
. . 

PROJECT Somers, MT CONTRACTOR Hillman Drilling MONUMENT 

PROJECT II 86-QII-320 DRILLER Ed Hillman/Joe Berry RISER 

LOCATION across from CERCLA lagoon RIG TYPE Schram Rotodrlll SCREEN 2" PVC"" 28' to 38' 

TOTAL DEPTif METHOD hollow stem auger" fiLTER PACK """ 20' to 21'.6" 

DATE May 12, 1988 CASING ID 4 114" SEAL •••• 19' to 20' 

STARTED 5-12 COMPLETED 5-12 BORING ID 6 7/8" GROUT 

LOGGED BY AMC BIT TYPE GROUNDELEV 

SAMPLE 

~~ TYPE i! -~ j!:, SAMPLE DESCRIPTION uses 
AND 

a~ ~t: CLASSIFICATION SCHEM 
NUMBER 

SP/ 
CL 

Split spoon 5-7' 24" 5 5-7 Sand, gray, orange mottling, very fine/clay, gray,slightly 
1 SP/ sandy, creosote nodules, odor, follows root zones, moist, 2 zones 

2 
CL each several Inches thick, slightly silty 

7-9' 24" 
SP/ 7-9 Sand. gray, orange mottling, very fine/clay, gray,slightly 
CL sandy, creosote nodules odor, follows root zones, moist, 2 zones 

3 9-11' 24" 10 each several inches thick, slightly silty 
9-11 Sand, gray, silty, orange mottling, fine sand 5", rest Is 
clay, gray, CL, large creo stain in sand zone, moist, slightly silty 

4 11-13' 24" 11-13 Clay, slightly silty, sand & odor has decreased, no visible 

5 
I evidence of creo, one end slightly greater sand content, moist 

13-1S 24" 13-15 Clay, silty, slightly sandy, very slight smell, gray 6 15-17' 24" 15 15-17 Clay, silty, gray, very soggy In 4" (4" from top) rest Is 

I moist, no fines, no odor 

7 17-19' 24" 17-19 Clay, silty, gray, no fine sand. no odor, small spots of 
I orange mottling 

8 
19-21' 24" 19-21 Clay, silty, gray, very moist, soggy at top 

I 20 21-23 Clay, silty, gray, slightly tighter clay 
9 21-23' 24" 

I 
10 23-25' 23-25 Clay, silty, gray, no odor, no sand, moist, soggy at top 

25 

GROUNDWATER DEPTHCFT> DATE/TIME 

REMARKS: " after 10 feet • "" 0.01 slot """ 10-20 Colorado Silica Sand 
w""" American Colloid crumbles 

Filter pack bridged going In augers 

Figure 2-2 
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REMEDIATION 
TECHNOLOGIES INC BORING LOG BORING S~A~~ .~. C . ''.! 

~··v ' 
SHEET 2 OF 2 

PROJECT Somers. MT CONTRACTOR Hillman Drilling MONUMENT 

PROJECT • 86-Q11-320 DRILLER Ed Hillman/Joe Berry RISER 

LOCATION across from CERCLA laooon RIG TYPE Schram Rotodrlll SCREEN 2" PVC•" 28' to 38' 

TOTAL DEPTH . METHOD hollow stem auger• FILTER PACK ,.,, " 20' to 21'6" 

DATE May 12. 1988 CASING ID 4 1/4" SEAL Rtt'fW 19' to 20' 

STARTED 5-12 COMPLETED 5-12 BORING ID 6 7/8" GROUT 

LOGGED BY AMC BIT TYPE GROUNDELEV 

SAI1PLE 

~: TYPE 

~- ~~ 
~. SAMPLE DESCRIPTION uses 

AND 
~~ ~t CLASSIFICATION SCHEM 

NUMBER 0111: 

Cl 
11 25-27' 24" - 25-27 Clay, silty, gray, no odor, moist, soggy at top 

12 27-29 24" 27-29 Clay, silty, gray. increasing clay content with depth, 
30 (missed 2' of soli core somewhere between 25-30') 

13 31-33' 31-33 a· sand, gray, fine grained, 1:?" clay, silty, gray, 
., I no visible evidence of creosote, magic marker odor 

14 
,t 33-35' 33-35 Clay, very sandy, gray, saturated, creo odor 

I 35 
15 35-37' 35-37 Clay, silty, no sand, no odor, wet 

] I 
16 37-39' 37-39 Clay, sandy, wet, very slight magic marker smell 

"' in top portion 
40 

GROUNDWATER DEPTHCFTl DATE/TIME 

REMARKS: • after 10 feet " "" 0.0 I slot • • • 10-20 Colorado Silica Sand 
"""" American Colloid crumbles 

Soil samples collected were analyzed for PAH, ZN 

Figure 2-2 
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2.2 Pield Data 
The area modeled in this report consists of approximately a 

200 x 1500 ft portion of the Somers site bounded on the up

gradient side by the CERCLA Lagoon and extending down-gradient 

for 1500 feet towards Flathead Lake. Ten monitoring wells have 

been placed in the vicinity of the CERCLA Lagoon and include 

Wells #84-12, #84-13, #84-14, #84-16, #85-6a&b, #85-7, #85-8a&b, 

#88-1, #88-2, and #88-3. W?ter level measurements, as well as 

slug tests on some of the wells provided information on the 

hydrology of this area. In addition, analyses of samples taken 

in June 1988 from down-gradient Wells #88-1, #88-2, #88-3, #85-

6a, and #85-7 provided data with which to calibrate the computer 

model. 

Groundwater flow in the vicinity of the CERCLA Lagoon occurs 

as essentially linear flow in a east to southeasterly direction 

towards Flathead Lake with a gradient of 0.010 ftjft. Water 

table fluctuations in the vicinity of the CERCLA Lagoon are on 

the order of about 2 feet in a year. The water level variations 

in Flathead Lake do not appear to influence the groundwater flow 

regime in the modeled area. 

In order to determine the hydraulic conductivity in the area 

down-gradient of the CERCLA Lagoon, slug tests were performed on 

Wells #88-1, #88-2, #88-3 and #85-6a. Each well was tested twice 

and the results averaged. The hydraulic conductivities of the 

four wells were all very close in magnitude. Table 2-1 presents 

the hydraulic conductivities calculated from each of the slug 

tests. The average hydraulic conductivity of these four wells is 

3. 25 x 10-3 cmjsec, which for the purposes of modeling was 

rounded to 3.3 x 10-3 cmjsec. 

8 
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Well Number 

S-88-1 

S-88-2 
S-88-2 

S-88-3 
S-88-3 

S-85-GA 
S-85-GA 

TABLE 2-1 
Hydraulic Conductivities 

H~draulic 

0 ,.,,.., ,') !'\ 9. 
IJovlJ 1 

Conductivit~ 

3.18 X lo-3 

2.68 x lo-3 
2.73 X lo-3 

2.35 X 10-3 
2.42 X 10-3 

4.6 X lo-3 
4.8 x lo-3 
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3.0 ANALYTICAL MODEL 

3.1 Description of Model 
The Cleary and Ungs (1978) analytical solution was chosen to 

simulate flow and naphthalene transport in the CERCLA Lagoon 

area. The solution assumes a homogeneous, isotropic, porous 

medium having unidirectional steady state flow. The two dimen

sional solution represents the source as a strip rather than a 

point, thereby more closely representing the actual shape of the 

CERCLA Lagoon. The aquifer is assumed to be infinite in areal 

extent. Figure 3-1 presents a schematic diagram of the model 

which orients the x-axis in the direction of flow. The length of 

the strip source is equivalent to length 2A along the y-axis. 

Velocity (V) is the average pore water velocity. Table 3-1 

presents the analytical equation for the two dimensional strip 

model including both longitudinal and transverse dispersion. The 

boundary conditions and analytical solution to the equation are 

also presented in Table 3-1. 

This analytical solution was chosen for the Somers site 

because it represents a relatively simple solution to the 

advection-dispersion equation, it is easy to use, it is two

dimensional, and it represents the source area as a strip rather 

than a p·oint, which is applicable to the CERCLA Lagoon at Somers. 

The solution can also be used as an additional verification to 

numerical models such as the u.s. Geological survey (USGS) Solute 

Transport Model (Konikow and Bredehoeft, 1978). 

3.2 Assumptions 

Before discussing the various input variables used in the 

modeling runs and the results of the modeling effort, a revie\17 of 

the assumptions used in the davelopment of this pa:z:·ticular model 

is in order. 

1. Darcy's Law is valid. For the Somer's site, this 

assumption is in all probability correct. The cal-
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TABLE 3~ 
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ADVECTION-DISPERSION EQUATION WITH BOUNDARY CONDITIONS AND 
CLEARY AND UNGS ANALYTICAL SOLUTION 

TWO DIMENSIONAL 
DL (52c;5x2) 
R 6C/l5t 

ADVECTION-DISPERSION EQUATION: 
+ DT(oc2;ay2) - v(6Cj5x) - (lambda) (R) {C) 

where, 
DL 
DT 
v 

longitudinal dispersion, in L2/T 
= transverse dispersion, in L2/T 

seepage velocity, in L/T, 
lambda = radioactive decay constant, which is zero for the 

Somers site 
R 
t 

retardation factor for the given type of solute 
time, L 

INITIAL AND BOUNDARY CONDITIONS OF MATHEMATICAL MODEL: 

C(O,y,t) 
C{O,y,t) 
C(x,y,O) 

-a ~ y ~ a 
other values of y 
where x > o 

where, 
Co 
a 

initial concentration of the solute, in ppm, 
decay of solute, in T-1 

ANALYTICAL MODEL AS PRESENTED BY CLEARY AND UNGS (1978): 

C(x, Y, t) = 4(1r~~~ 112 exp ( ~·~: - at) 

R + X X -3/2 \' 2 J 2 J -a -- r--- r 
4D_. 4D_.r 

a - v \'>, r { [ ( J 
1/~ J 

. erf 'J(D,. r)l/2 + T D; 

a + I' 1\· r r ( ]"l]} + erf 112 - --:;- - dr L 2(D}'r) •· Dv 
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culated flow velocities at this site are low enough 

such that turbulent flow, and a corresponding Reynolds 

number above 10, is not a problem. 

2. Flow is unidirectional. This assumption is basically 

correct for the modeled CERCLA Lagoon area as flow 

direction does not appear to change significantly 

during the co~se of the year. However, near the 

CERCLA Lagoon the direction of flow does bend slightly 

and therefore has an easterly and southeasterly 

component of flow (according to water table maps 

constructed for the Remedial Investigation Report, 

ReTeC, 1987a). This apparently did not affect the 

model output to any great extent; probably because the 

X axis of the model grid was intentionally oriented 

such that it is orthogonal to the groundwater gradient 

and therefore, parallel to the flow direction. 

3. The porosity is uniform throughout the aquifer. This 

assumption is not strictly correct for the Somers site. 

Due to the various lithologies present, the effective 

porosity could be expected to range from 15 to 50 %, 

therefore, an average value of 0.3 was chosen to model 

the "average" extent and rate of migration. 

4. The hydraulic conductivity is uniform and constant with 

time. This is probably not an unreasonable assumption 

for the CERCLA Lagom1 area in a horizontal plane since 

the four measured values of hydraulic conductivity are 

all quite close in value. In three dimensions, 

however, this is not the case because of the known 

variations in lithologies at differing depths. 

5. Fluid density gradients, viscosity gradients, and 

temperature gradients do not affect the migration of 
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the modeled contaminants. This is not entirely true at 

this site because creosote is a dense NAPL and will 

migrate downward in the subsurface under the influence 

of gravity. A number of borings have been drilled in 

the CERCLA Lagoon and have delineated the extent of 

creosote NAPL to depths of approximately 50 feet in 

areas where liquid creosote was known to have collected 

in pools at the surface. The greatest extent of any 

plume migration, however, would be caused by transport 

of naphthalene as a solute and not as a free product 

NAPL. 

6. Molecular diffusion is a negligible component of the 

total dispersion. This woP1d be true in a groundwater 

system such as exists in the CERCLA Lagoon area where 

the pore water velocity is 34.7 mjsec. 

7. The aquifer is homogeneous and isotropic. This is 

almost never the case due to the variations in site 

geology. In the CERCLA Lagoon area, beds of silts, 

clays, and fine-grained sands are interbedded within 

the deltaic sand aquifer. 'rhe parameters chosen to 

represent the aquifer characteristics for the model 

were therefore varied to take into consideration the 

nonhomogeneity of the aquifer. The aquifer is also not 

considered to be isotropic. According to Todd (1980), 

ratios of horizontal to vertical permeability can reach 

values of up to 100 or greater when clay layers are 

present. At Somers, the ratio may be somewhat less 

than 100 because the aquifer rarely contains pure clay 

material. This shouldn't adversely affect a two

dintensional model as long as the modeled aquifer is at 

the same horizon across the modeled area. In fact, the 

abundance of clay will help to diminish any vertical 

flow of groundwater between aquifers and make a two-

14 
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dimensional model more accurate than it would be 

otherwise. 

Other site specific limitations include the fact that the 

model assumes one-dimensional flow with two-dimensional advec

tion-dispersion. The model does not make any assumptions 

regarding the vertical flow. 

The shallow aquifer was the only one considered to simulate 

solute transport. At Somers, there exists a small vertically 

upward flow component (as evidenced in wells 85-la&b, 85-6a&b and 

85-Sa&b). Transport of solute would therefore have a tendency to 

remain within the upper aquifer. 

The model also assumes that the aquifer is infinite in 

vertical and horizontal areal extent. With Flathead Lake 

situated about 1600 feet from the CERCLA Lagoon and the bedrock 

outcrops to the south, it is evident that the aquifer is not 

infinite horizontally. In addition, the aquifer is not infinite 

in the vertical extent either. The modeled aquifer is in fact 

only about four feet thick and is bounded above and below by a 

clay aquiclude. 

3.3 Data Input 

The analytical solution was coded in Fortran 4 by Berkeley 

Hydrotechnique, Inc. of Berkeley, California. Software by 

Microsoft (Version 4.01) was used to compile the code. The 

program was then run on a personal computer with a math co

processor. The code stipulates that the input data is entered in 

an open Fortran format. A copy of the computer code is presented 

in Appendix A. For the CERCLA Lagoon, the input data was entered 

into an input file consisting of seven lines of data as described 

below: 

First line of input data: 

numx = number of x coordinates at which concentration of the 

solute is calculated. Generally, the interval 

15 



I r 
f 
~ 

J 

Oc l'.f.".(1"~ 
ovv.JO 

between x-coordinates increases with increasing distance from the 
source. 

numy number of y coordinates at which the concen
tration for the solute is calculated. The 
interval between y-coordinates also increases 
with increasing distance from the source. 

numt = number of time steps at which model is run. 

Second·line of input data: 

X coordinates at which solute concentrations will be calculated. 

The number of x-coordinates was provided in line 1 of input data 

file. 

Third line of input data: 

Y coordinates at which solute concentrations will be calculated. 
The number of y-coordinates was provided in line 1 of input data 

file. 

Fourth line of input data: 

The number of time steps at which solute concentrations are 
calculated. 

Fifth line of input data: 
DL = longitudinal dispersion term 

DT = transverse dispersion term 
v pore water velocity or seepage velocity 
A = half length of strip source (see Figure 3-1) 

Sixth line of input data: 

a lam 

R 

a 

decay constant of the solute 

retardation factor 

decay ~~nstant of the source 

Seventh line of input data: 

C0 = initial concentration of solute in groundwater along the 

16 
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entire length of the strip source. 

The input are entered in metric units and a1:e converted in 

the program to English (or traditional) units. The specific 

input data used for the CERCLA Lagoon model runs will be discus

sed in Section 3.4. 

The first page of the computer model output repeats the 

input data file with the values listed for each parameter in 

metric units. The rest of the output file contains a list of the 

x-coordinate values (in feet), they-coordinate values (in feet), 

and the concentration of the solute (in parts per million). 

Verification of the analytical solution is provided in 

Javendal et. al. (1984) so that users of the solution can verify 

that their code solves the equationA accurately. For instance, 

tables of results are provided by Cleary and Ungs containing set 

input parameters, including time, velocity, half-length of 

source, longitudinal dispersion coefficient, transverse disper

sion coefficient, retardation factor, decay factor of source, and 

decay factor of solute. The output in the verification table is 

provided as c;c0 • Table 3-2 provides a list of the input 

parameters used to verify the analytical model and computer code 

used for the Somers site. The output concentrations are also 

provided and compared to values generated by the authors of the 

solution to verify the results. 

3.4 Parameter Values 

A description of the input parameter values chosen for the 

CERCLA Lagoon analytical model is provided in the following 

subsections. The parameters are described in the order in which 

they are entered in the input file. Most of the parameters were 

varied to determine their sensitivity, to calibrate the model, 

and to allow for variation of values representing aquifer 

characteristics. 

The compound chosen for solute transport modeling was 
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nulllC • 9 numy ., 6 nuat " 1 

X • 10 X = 15 X = 20 

y "' 5 'I= 10. y = 20 

t = 100 

0( l) = 1 D(t) = 0.1 v = 0.1 

al11a = 0 r = 1 elphe = 0 

coni = 1 

X = 25 X '" 30 

'I= 30 y = ~0 

A = 50 

Table 3-2 
VERIFICATION OF ANALYTICAL CODE 

VERIFICATION INPUT PARAMETERS 

)( .. 35 )(. 40 )(. 45 x " ~·a 

---------------------------------------------------------------------------------------------------------------------------------------------------------
VERIFICATION OUTPUT 

vao y = 5 y .. 10 y 20 y = 30 y .. 40 

MODEL AUTHOR MODEL AUTHOR MODEL AUTHOR MODEL AUTHOR MODEL AUTHOR MODEL AUTHOI! 
X VALUES CONC COHC CONC CONC CONC CONC CONC CONC CONC CONC CONC !:ONC 

10.00049 0.71379 0. 71379 0.71379 0.71379 0.71379 0.71379 0.71379 0.71379 0.71379 0.71379 0.71271 0.71271 

15.00073 0.53461 0.53461 0.53461 0.53461 0.53461 0.53461 0.53461 0.53461 0.53461 0.53461 0.53322 0.53322 

20.(]0()98 0.36498 0.36498 0.36498 0.36498 0.36498 0.36498 0.36498 0.36498 0.36498 0.36498 0.36361 0.36361 

25.00122 0.22561 0.22561 0.22561 0.22561 0.22561 0.22561 0.22561 0.22561 0.22561 0.22561 0.22451 0.22451 

3,0.00146 0.12563 0.12563 0.12563 0.12563 0.12563 0.12563 0.12563 0.12563 0.12563 0.12563 0.12489 0.12489 

35.00323 0.06277 0.06277 0.06277 0.06277 0.06277 0.06277 0.06277 0.06277 0.06277 0.06277 0.06234 0.06234 

40.00195 0.02806 0.02806 0.02806 0.02806 0.02806 0.02806 0.02806 0.02806 0.02806 0.02806 0.02784 0.02784 

45.oo3n 0.01119 0.01119 0.01119 0.01119 0.01119 0.01119 0.01119 0.01119 0.01119 0.01119 0.011~0 0.01110 

50.00244 0.00398 0.00398 0.00398 0.00398 0.00398 0.00398 0.00398 0.00398 0.00:!98 0.00398 0.00394 0.00394 

------------------------------------------------------------------------------------------------------------------------------------------------------<:) 
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naphthalene. While several other PAH constituents have been 

detected in groundwater, a review of these compounds showed that 

naphthalene was more mobile in groundwater since it has a greater 

water solubility and a lower octanoljwater partition coefficient. 

Other PAH compounds more strongly sorb to soil particles and are 

less mobile than naphthalene, therefore, naphthalene represents 

the most conservative PAH constituent to model. 

3.4.1 x-coordinate Values 

The x-coordinate values are chosen by first estimating their 

values and running the model to determine the distance the solute 

travels from the source. The values can then be refined to 

ensure that the output values are bounded within the x-coordinate 

grid. 

For some of the model runs, it was necessary to substan

tially alter the x-coordinate values. This was especially true 

for cases when the hydraulic conductivity was increased or the 

retardation factor was decreased. The highest x-value input into 

the model was about s,ooo meters (16,400 feet) for run #6 when 

the retardation factor was decreased to 1 (no retardation). The 

x-coordinate values are entered in meters. 

3.4.2 Y-coordinate Values 

The y-coordinate values are chosen based on the length, 2A, 

of the source. The total length of the CERCLA Lagoon was esti

mated to be 200 feet based on areal photographs and visual 

inspection. Therefore, the y-coordinate values should range from 

o to at least 100 feet (30.5 meters). Only one-half of they

coordinate values are input since the program assumes that the 

values entered in the positive y-direction are the same values in 

the negative y-direction. The greatest y-coordinate value was 

chosen co be 164 feet (50 meters). 
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3.4.3 Time steps 
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The Remedial Investigation Report (ReTeC, 1987a) describes 

the history of waste disposal at the site with the earliest 

record showing a waste sump near the present day CERCLA Lagoon. 

This record was dated 1927. Based on this information, an 

assumption was made that 1927 was the earliest possible date 

groundwater could have been contaminated with creosote. 

The majority of model runs were run with two time steps; the 

first at 60 years and the second at 120 years. Assuming that 

groundwater contamination first occurred in 1927, the first time 

step was run for 60 years to bring the model to essentially the 

present day. A second time step of 12 o years was chosen to 

predict solute transport 60 years into the future which would be 

the year 2047. Later time steps werA not run because the model 

must be further calibrated with more groundwater quality data 

before it is known whether or not it is able to accurately 

predict naphthalene transport over time down-gradient from the 

CERCLA Lagoon. If the model proves to be accurate, then addi

tional model runs further out into the future can be considered. 

3.4.4 Velocity, Hydraulic conductivity, and Gradient 
Velocity as used in the advection-dispersion equation is the 

average pore water velocity as defined by the equation: 

where, 
Vs = Ki/n 

K = hydraulic conductivity (in cmjs) 
i = hydraulic gradient 
n = effective porosity. 

Hydraulic conductivity was determined by actual field 

measurements. The information from several slug tests was used 

to calculate an av-rage value for the hydraulic conductivity 

which is 3.3 x 10-3 cm;sec (Table 2-1). Additionally, the model 

was run with values for the hydraulic conductivity two orders of 

magnitude above and below this average value in order to ascer-

20 
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tain the sensitivity of the model to changes in this paranie't~t • .; 
In all, five model runs were modeled using differing values of 

hydraulic conductivity. 

The hydraulic gradient (i) was measured as 0.01 ft/ft in the 

area of the CERCLA Lagoon. Groundwater contour maps included in 

the Remedial Investigation (ReTec, 1987a) were used to arrive at 

this value. 

The effective porosity (n) was arrived at by assuming a 

typical value of 0. 3, which is usually used in most modeling 

attempts because field measured values are difficult, expensive, 

and can take up to a year to acquire. 

Based on the average value for hydraulic conductivity of 3.3 

x 10-3 cm;sec, a gradient of 0.01, and an effective porosity of 

o. 3, the average pore water velocity was calculated as 34.7 

mjyear. 

3.4.5 Lonqitudinal Dispersion Term 

Dispersion is a result of two processes, molecular diffusion 

and mechanical mixing. It causes solute to spread over a greater 

volume of aquifer and is affected by vertical and horizontal 

conductivity and the degree of stratification within the aquifer. 

Longitudinal dispersion is the spreading of the solute in the 

direction of bulk flow (Freeze and Cherry, 1979). Longitudinal 

dispersion values may be approximated by conducting a column test 

on a sample of material in the laboratory and determining the 

breakthrough curve for the solute. Dispersion coefficients can 

be found from tracer tests in the field. Dispersion coefficients 

can also be estimated from ths equation: 

where, 
DL = (aL) (Vs) + D* 

= coefficient of longitudinal dispersion 

= dynamic dispersivity (a characteristi~ of the 
porous medium) • 

Vs = seepage velocity or average pore water 
velocity 
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o* = coefficient of molecular diffusion. 

The product of the dynamic dispersivity and the average pore 

water velocity is referred to as the coefficient of mechanical 

dispersion. According to Anderson (1984), the coefficient of 

mechanical dispersion is usually a few orders of magnitude larger 

than the coefficient of molecular diffusion. In most practical 

applications, therefore, the effects of molecular diffusion can 

be neglected. 

For the CERCLA Lagoon at Somers, aL is approximated using a 

distribution chart of dynamic dispersivity values for porous and 

fractured media (Javendal et al 1984) • According to these 

charts, an average value for dynamic dispersivity is 5 meters. 

For silts and clays, this value is somewhat high and is therefore 

a conservative estimate. 

For most of the model runs, a value of 5 meters was used for 

this parameter. 

to 2 0 meters to 

parameter. 

Dynamic dispersivity was however, varied from 1 

test the sensitivity of the model to this 

The value for dynamic dispersivity was multiplied by the 

calculated value for velocity to derive the coefficient of 

longitudinal dispersion. For example, using a velocity of 34.7 

mjyear and a dynamic dispersivity of 5 meters resulted in a value 

of 173.45 m2;year for the longitudinal dispersion. 

In every model run where the value for hydraulic con

ductivity was changed, new values for velocity and dispersion had 

to be calculated. 

3.4.6 Transverse Dispersion Term 
In general, the DT term is considered to be one order of 

magnitude less than the DL term (Javendal et al, 1984). There

fore, when DL = 173.45 m2;year, DT would be 17.34 rn2;year. 

3.4.7 Half Length of strip source 
The length of the CERCLA Lagoon was determined in the field 
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to be about 200 feet, therefore the half-length is 100 feet or 30 

meters. For a few model runs however, a strip source half-length 

of 50 feet or 15 meters was used solely to observe how the 

resulting plume would look. 

3.4.8 Decay Factor of Solute 

Biological or chemical degradation of the solute is taken 

into consideration with the decay term. While some research has 

been done to arrive at values of biological degradation of PAH 

constituents dissolved in groundwater, values are still con

sidered to be experimental. Therefore, for most of the model 

runs a value of zero (no degradation) was used to model the most 

conservative situation. 

However, relatively high rates of' biodegradation of PAH in 

soil/water systems have been documented in numerous studies. For 

example, Mihelcic and Luthy (1988a & 1988b) found half-lives for 

naphthalene degradation of 3 days under aerobic conditions and 23 

days under denitrification conditions. Unfortunately, little 

detailed information exists on degradation mechanisms and rates 

for PAH compounds in groundwater systems. Borden et. al. (1984) 

did find that PAH's in a contaminant plume from an abandoned 

creosoting site were undergoing biodegradation; however, the rate 

of degradation was limited by the availability of oxygen. These 

authors estimated the degradation rate at 0.365/year, which 

corresponds to a half-life of about 2 years. When their model 

was actually applied in the field it was found that accurate 

results could be obtained only when the degradation rate was set 

to "unrealistically low values" of o. 0365/year (half-life = 19 

years). 

In a number of model runs, this parameter was varied from a 

range of 84.32/year (half-life = 3 days) to 0.231/year (half-life 

= 3 years) •. In this way, the sensitivity could be determined of 

the model to this parameter. 
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3.4.9 Retardation Factor 

The retardation factor represents the advancing front of 

sorbing solute which moves at a linear velocity·smaller than the 

velocity of groundwater movement. The retardation factor is 

based on the equation (Roberts, 1987): 

where, 
= retardation factor 

= bulk density of material 
which the solute flows in g;m3 

= distribution coefficient in m3;g 
= porosity • 

through 

The bulk density of the matrix through which the solute 

flows is estimated from the equation 'Roberts, 1987): 

where, 
~b = (1 - n) x ~s + n x ~w 

n = porosity, 0.3 
~s = density of soil, 2.65 x 106 g/m3 
aw density of water, 1 x 106 g;m3. 

Therefore, ~b is estimated to be 2.2 x 106 g;m3. 

The distribution coefficient (Kd) is used to represent the 

partitioning of a contaminant between the solution phase and the 

solid phase. Different methods have been used to determine the 

distribution coefficients of different contaminants. one method 

involves the use of laboratory column leach experiments where 

effluent concentrations are measured in order to determine the 

partitioning between the liquid phase and the solid matrix. 

Another method involves the measurement in the field of contami

nant concentrations in the soil samples collected at various 

depths during drilling and in adjacent groundwater during 

subsequent monitoring well sampling. The third and most widely 

used method involves the calculation of Kd based on the total 

organic carbon content of the soil. This is the method that was 

chosen for this site. 

It has been shown that the greater the organic carbon 
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content of the soil the greater the solute will sorb onto the 

material (Roberts, 1987). The following equation illustrates the 

correlation: 

where, 
6.3 x 10-7 x f 00 x K0 w 

f 00 = fraction of organic carbon in the 
soil (g organic carbon per g dry 
soil) 

Kow = octanoljwater partition 
coefficient. 

Log K0 w values for naphthalene range in the literature but 

are typically about 3.32 (Hansch and Leo, 1979). The Kow value 

is thus 2089. The organic carbon content in the soils from 

borings #88-1, #88-2, and #88-3 was found to be 1. 6 percent. 

Using this value in the equation above, Kd becomes 2.11 x 10-5 

m3;g. Combining the value of ~ with the bulk density term of 

2.2 x 106 results in a retardation factor (R) of 156. 

This value for retardation, when applied to the actual field 

data, was found to retard naphthalene transport to a much greater 

extent than was actually the case. Therefore, numerous model 

runs were constructed varying the retardation from a high of 156 

to a low of 1 (no retardation). This provided information on the 

sensitivity of the model to this parameter as well as being used 

to calibrate the model to the actual field data. 

3.4.10 Decay Factor ot the Source 

A value of zero was entered for this parameter at the Somers 

site. Field evidence indicates that within the CERCLA Lagoon 

free product creosote exists. It seems apparent that even after 

60 years duration little degradation of the source appears to be 

taking place. This is probably due to the high concentrations at 

the source inhibiting the growth of microbial organisms capaL.e 

of breaking down creosote and its constituents. 
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3.4.11 Xnitial Concentration of Solute in Groundwater 

The initial concentration of naphthalene in groundwater was 

chosen to be equal to the solubility of the compound in water (34 

mg/L). The dissolved phase is the portion of the waste which has 

the greatest ability to migrate with groundwater flow and its 

concentration can be no greater than its solubility. This value 

was used for most of the model runs and is considered to be the 

most conservative estimate. 

However, in field situations concentrations even close to 

the solubility of the compound of interest are usually never 

found. For instance, MacKay et. al. (1985) has pointed out that 

organic chemicals are almost never found in groundwater at 

concentrations even approaching their solubility limits, even 

when a free product phase is known to exist. Instead, experience 

has shown observed concentrations to be on the order of 1% to 10% 

of their solubility limit. An explanation for this is given by 

MacKay et. al. as being due to diffusional limitations of 

dissolution and the dilution of the dissolved organic contami

nants by dispersion. Therefore, a number of model runs were 

constructed using Co values between 10 and 1 ppm to determine the 

sensitivity of the model to this parameter as well as to cali-

brate some model runs. In addition, one model run was con-

structed to evaluate the transport of naphthalene assuming enough 

of the source could be removed such that the initial concen

tration (Co) in water would be decreased to 1 ppm . 

3.4.12 summary of Model Parameters 

Tables 3-3 through 3-8 present all of the input parameters 

used in each of the 34 model runs. The tables depict the values 

used for the x-coordinate grid, y-coordinate grid, time steps, 

hydraulic conductivities, dynamic dispersivities, degradation of 

both the source and solute, longitudinal and transverse disper

sions, velocities, half length of the strip source, retardation 

factor, and initial concentration of the solute. Except for the 

source decay term, all the parameters \oJere varied to obtain 

26 



I r 
t 
; 

I .·~ 

information on the sensitivity of the model to each parameter as 
well as to aid in fitting the model to the observed field data. 
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Table 3-3 
Input Variables for each Model Run 

Parameters Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 
--------- .. --- .......... --- ...... -......... --- ........ -.. -......... -- ............ -...... -- ........... -... -
Nun<x> 
Nun(y) 
Nun(t) 
X 
y 

T 
IC 

Alfa L 
Dl 
Dt 
v 
A 
A lam 
R 
Alfa 
Co 

Notes: 

19 32 26 19 19 21 
14 17 17 14 14 17 
2 2 2 2 2 2 

(1) (2) (3) (1) (1) (4) 

** ** ** ** ** •• 
60,120 60,120 60,120 60,120 60,120 60,120 

3.30E·03 3.30E·01 3.30E·02 3.30E·04 3.30E-05 3.30E·03 
5 5 5 5 

173.45 17345.00 1734.50 17.34 
17.3:i 1734.50 173.45 1.73 
34.69 3469.00 346.90 3.47 

30 30 30 30 
0 0 0 0 

156 156 156 156 
0 0 0 0 

34 34 34 34 

Num(x) = N~nber of X Coordinates 
Num(y) = Number of Y Coordinates 
Hum(t) = Humber of Time Steps 

5 5 
1.75 173.45 
0.17 17.35 
0.35 34.69 

30 30 
0 0 

156 1.00 
0 0 

34 34 

<1> X= X Coordinate Values: 2,5,8,11,14,17,20,23,26,29,32,35,41, 
50,60,70,80,90,100 in meters. 

(2) X= X Coordinate Values: 10,100,200,300,400,500,600,700,800,900, 
1000,1100,1200,1300,1400,1500,1600,1700, 
1800,1900,2000,2100,2200,2300,2400,2500, 
2600,2700,2800,2900,3000,3100, in meters. 

(3) X= X Coordinate Values: 10,50,60,70,80,90,100,120,140,160,180, 
200,220,240,260,280,300,320,340,360,380, 
400,450,500,550,600 in meters. 

(4) X= X Coordinate values: 10,50,100, 150,200,250,300,350,400,450, 
500,550,600,650,700,750,800,850,900,950, 
1000,1500,2000,2100,2200,2300,2400,2500, 
3000,3500,4000,4100,4200,4300,4400,4500, 
5000 in meters. 

** Y = Y Coordinate Values: 0,2,4,6,8,10,15,20,25,30,35,40,45, 
50 in meters. 

T = Time Elapsed in years. 
K =Hydraulic Conductivity in centimetp· per second. 
Alfa L = Dispersivity in meters. 
Ol =Longitudinal Dispersion in square meters per year. 
Ot = Transverse Dispersion in square meters per year. 
V = Pore Uater Velocity In meters per year. 
A= Half length of source strip in meters. 
Alam = Decay Factor of the Solute in 1/year 
R = Retardation Factor 
Alfa =Decay Factor of the Source in 1/year 
Co= Initial Concentration of Solute in ppm. 

O" ... ' ' ·o J\JtV.L.f. 
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Table 3·4 
Input Variables for each Hodel Run 

Parameters Run 7 Run 8 Run 9 Run 10 Run 11 Run 12 

-------------------------------------------------------------------
Nun( X) 

Nun<y> 
Nun(t) 
X 
y 

T 

K 

Alfa L 
Dl 
Dt 
v 
A 
A lam 
R 

Alfa 
co 

Notes: 

22 21 26 29 43 24 
14 14 23 25 25 14 
2 2 2 2 9 5 

(1) (2) (3) (3) (4) (6) 
** ** ** ** ** ** 

60,120 60,120 60,120 60,120 (5) (7) 

3.30E·03 3.30E-03 3.30E·03 3.30E·03 3.30E-03 3.30E-03 
1 10 5 5 

34.{.9 346.90 173.45 173.45 
3.47 34.69 17.35 17.35 

34.69 34.69 34.69 34.69 
30 30 30 30 

0 0 84 11 
156 156 156 156 

0 0 0 0 
34 34 34 34 

Num(x) = Number of X Coordinates 
Nun(y) = Number of Y Coordinates 
Nun(t) = Number of Time Steps 

5 5 
173.45 173.45 
17.35 17.35 
34.69 34.69 

30 30 
11 11 

156 156 
0 0 

34 34 

(1) X = X Coordinate values: 2,4,6,8, 10, 12,14,16,18,20,23,26,29,32,35 ,41, 
50,60,70,80,90,100 in meters. 

(2) X= X Coordinate Values: 2,5,8,11,14,17,20,23,26,29,32,35,41, 
50,60,70,80,90,100,200,400 in meters. 

(3) X= X Coordinate Values: 0.2,0.4,0.6,0.8,1,2,3,4,5,6,7,8,9,10,11,14,17,20 
23,26,29,32,35,41,50 in meters. 

(4) X= X Coordinate Values: 1,2,3,4,5,6,7,8,9,10,11,14,17,20,23,26,29, 
32,35,41,50,60,70,80 in meters. 

(6) X= X Coordinate Values: 1,2,3,4,5,6,7,8,9,10,11,14,17,20,23,26,29, 
32,35,41,50,60,70,80 in meters. 

** Y = Y Coordinate Values: 0,1,2,3,4,5,6,7,8,10,15,20,25,30,35,40,45, 
50 in meters. 

T = Time Elapsed in years. 
(5) T = Time Elapsed in years: 0.1,0.2,0.25,0.3,0.4,0.5 in years. 
(7) T =Time Elapsed in years: 1,2,3,4,5 in years. 

K =Hydraulic Conductivity in centimeters per second. 
Alfa L = Dispersivity in meters. 
Ol = Longitudinal Dispersion in square meters per year. 
Dt = Transverse Dispersion in square meters per year. 
V c Pore Water Velocity in meters per year. 
A = Half length of source strip in meters. 
Alam = Decay Factor of the Solute in 1/year 
R = Retardation Factor 
Alfa =Decay Factor of the Source in 1/year 
co= Initial Concentration of Solute in ppm. 
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Table 3·5 
Input Variables for each Hodel Run 

Parameters Run 13 Run 14 Run 15 Run 16 Run 17 Run 18 

-------------------··-----------------------------------------------
Nun( X) 19 9 21 21 19 19 
Nun(y) 11 11 14 14 11 11 
Nun(t) 11 18 1 6 6 
X (1) (1) (5) (5) (1) (1) 
y ** ** ** ** ** •• 
T (3) (4) 60 60 (7) (7) 

K 3.30E·03 3.30E·03 3.30E·03 3.30E·03 3.30E·03 3.30E·03 
Alfa L 5 5 15 20 5 5 
Dl 173.45 173.45 520.35 693.80 173.45 173.45 
Dt 17.35 17.35 52.03 69.38 17.35 17.35 
v 34.69 34.69 34.69 34.69 34.69 34.69 
A 30 30 30 30 30 30 
A lam 11 0.693 0 0 0.346 0.231 
R 156 156 156 156 156 156 
Alfa 0 0 0 0 0 0 
Co 34 34 34 34 34 34 

-------------------------------------------------------------------
Notes: Nun(x) = Number of X Coordinates 

Num(y) = Number of Y Coordinates 
Num(t) = Number of Time Steps 

(1) X= X Coordinate Values: 1,2,3,4,5,6,7,8,9,10,11,14,17,20,23, 
26,29,32,35 in meters. 

(5) X= X Coordinate Values: 2,5,8,11,14,17,20,23,26,29,32,35,41, 
50,60, 70,80, 90,100,200,400 in meters. 

(6) Y = Y Coordinate Values: 0,2,4,6,8,10,15,20,25,30,35,40, 
45,50,in meters. 

T = Time Elap:;ed in years. 
(3) T =Time Elapsed in years: 0.08,0.17,0.25,0.33,0.42,0.5,0.58,0.67, 

0.75,0.83,0.92 in years. 
(4) T =Time Elapsed in years: 0.1,0.2,0.3,0.4,0.5,1,2,3,4,5,6,7,8,9, 

10,20,30,40,50,60,120 in years. 
(7) T = Time Elapsed in years: 0.5, 1,5,10,60,120 in years. 

K =Hydraulic Conductivity in centimeters per second. 
Alfa L = Dispersivity in meters. 
Dl = Longitudinal Dispersion in square meters per year. 
Dt = Transverse Dispersion in square meters per year. 
V = Pore Water Velocity in meters per year. 
A= Half length of source strip in meters. 
Alam = Decay Foetor of the Solute in 1/year 
R = Retardation Factor 
Alfa =Decay Factor of the Source in 1/year 
Co = Initial Concentration of Solute in ppm. 
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Table 3·6 
Input Variables for each Hodel Run 

Parameters Run 19 Run 20 Run 21 Run 22 Run 23 Run 24 

Nun(x) 
Nun(y) 
Nun(t) 
X 
y 

T 
I( 

Alfa L 
Dl 
Dt 
v 
A 
A lam 
R 

Alfa 
Co 

Notes: 

19 19 19 21 29 29 
14 14 14 14 14 14 
2 2 2 1 

(1) (1) (1) (3) (4) (4) 

** ** ** ** ** ** 
60,120 60,120 60,120 60 60 60 

3.30E·03 3.30E·03 3.30E·03 3.30E·03 3.30E·03 3.30E·03 
5 5 5 5 

173.45 173.45 173.45 173.45 
17 • .55 17.35 17.35 17.35 
34.69 34.69 34.69 34.69 

30 30 30 30 
0 0 0 0 

125 100 75 50 
0 0 0 0 

34 34 34 34 

Nun(x) = N~r of X Coordinates 
Nun(y) = Number of Y Coordinates 
Nun(t) = Number of Time Steps 

5 5 
173.45 173.45 
17.35 17.35 
34.69 34.69 

311 30 
(J 0 

25 25 
0 0 

34 34 

(1) X= X Coordinate Values: 2,5,8,11,14,17,20,23,26,29,32,35,41, 
50,60,70,80,90, 100 in meters. 

(3) X= X Coordinate Values: 2,5,8,11,14,17,20,23,26,29,32,35,41, 
50,60,70,80,90, 100,120,150 in meters. 

(4) X= X Coordinate Values: 2,5,8,11,14,17,20,23,26,29,32,35,41, 
50,60,70,80,90,100,110,120,130,140,150, 
160,170,180,190,200 in meters. 

** Y = Y Coordinate Values: 0,2,4,6,8,10,15,20,25,30,35,40, 
45,50 in meters. 

T = Time Elapsed in years. 
IC = Hydraulic Conductivity in centimeters per second. 
Alfa L = Dispersivity in meters. 
Dl = Longitudinal Dispersion in square meters per year. 
Dt = Transverse Dispersion in square meters per year. 
V = Pore Water Velocity in meters per year. 
A = Half length of source strip in meters. 
Alam = Decay Factor of the Solute in 1/year 
R = Retardation Factor 
Alfa =Decay Factor of the Source in 1/year 
Co = Initial Concentration of Solute in ppm. 



,.,. 

1: 

' r 
.... 

t 
' 

Table 3-7 
Input Variables for each Hodel Run 

Parameters Run 25 Run 26 Run 27 Run 28 Run 29 Run 30 

---------------------------------·---------------------------------
Nl.lll(X) 
Nl.lll(y) 
Nl.lll(t) 
)( 

y 

T 
K 
Alfa L 
Dl 
Dt 
v 
A 
A lam 
R 
Alfa 
co 

Notes: 

21 21 21 21 21 21 
14 14 14 14 f4 14 

1 1 1 1 1 
(1) (1) (1) (1) (1) (1) 

** ** ** ** ** ** 
60 60 60 60 60 60 

3-30E-03 3.30E-03 3.30E-03 3.30E-03 3.30E-03 3.30E-03 
5 5 5 5 

17J .1,5 173.45 173.45 17:1.45 
17.35 17.35 17.35 17.35 
34.69 34.69 34.69 34.69 

30 15 15 15 
0 0 0 0 

35 15 35 35 
0 0 0 0 

34 10 10 5 

Num(x) = Number of X Coordinates 
Num(y) = Number of Y Coordinates 
Num(t) = Number of Time Steps 

5 5 
173.45 173.45 
17.35 17.35 
34.69 34.69 

\ 15 
0 0 

25 45 
0 0 
5 10 

(1) X= X Coordinate Values: 2,5,8,11,14,17,20,23,26,29,32,35,41, 
50,60,70,80,90,100 in meters. 

** Y = Y Coordinate Values: 0,2,4,6,8,10,15,20,25,30,35,40, 
45,50 in meters. 

T = Time Elapsed in years. 
K =Hydraulic Conductivity in centimeters per second. 
Alfa L = Dispersivity in meters. 
Ol = Longitudinal Dispersion in square meters per year. 
Dt = Transverse Dispersion in square meters per year. 
V = Pore ~ater Velocity in meters per year. 
A= Half length of source strip in meters. 
Alam = Decay Factor of the So'.ute in 1/year 
R = Retardation Factor 
Alfa =Decay Factor of the Source in 1/year 
Co = Initial Concentration of Solute in ppm. 
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Table 3·8 
Input Variables for each Hodel Run 

Parameters Run 31 Run 32 Run 33 Run 34 
... -... ------------------ .. -.. ------ ... -------------- .... --
Nun(x) 29 29 29 21 
Nun(y) 14 14 14 14 
Nun(t) 1 1 1 2 
X (1) (1) {1) (3) 
y **· ** ** ** 
T 60 60 60 60,120 
K 3.30E·03 3.30E·03 3.30E·03 3.30E·03 
Alfa L 5 5 5 5 
Dl 173.45 173.45 173.45 173.1.5 
Dt 17.35 17.35 17.35 17.35 
v 34.69 34.69 34.69 34.69 
A 15 15 
A lam 0 0 
R 25 3D 
Alfa 0 0 
Co 10 10 

Notes: Num(x) = Number of X Coordinates 
Nun(y) = Number of Y Coordinates 
Nun(t) = Number of Time Steps 

15 30 
0 (, 

25 35 
0 0 
5 

(1) X= X Coordinate Values: 2,5,8,11,14,17,20,23,26,29,32,35,41, 
50,60,70,80,90,100,110,120,130,140, 
150,160,170,180,190,200 in meters. 

(3) X= X Coordinate Values: 2,5,8,11,14,17,20,23,26,29,32,35,41, 
50,60, 70,80,90, 100,120,150 in meters. 

** Y = Y Coordinate Values: 0,2,4,6,8,10,15,20,25,30,35,40, 
45,50 in meters. 

T = Time Elapsed in years. 
K = Hydraulic Conductivity in centimeters per second. 
Alfa L = Dispersivity in meters. 
Dl = Longitudinal Dispersion in square meters per year. 
Dt = Transverse Dispersion in square meters per year. 
V = Pore Water Velocity in meters per year. 
A= Half length of source strip in meters. 
Alam = Decay Factor of the Solute in 1/year 
R = Retardation Factor 
Alfa =Decay Factor of the Source in 1/year 
Co = Initial Concentration of Solute in ppm. 
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4.0 MODELING RESULTS 

4.1 Model Calibration 

This modeling study addressed the migration of a plume of 

naphthalene down-gradient from a source located in the CERCLA 

Lagoon. Figures 4-1 and 4-2 graphically present the results of 

the first modeling run using what was initially thought to be 

best estimates for the input parameters. The value used for the 

hydraulic conductivity was the average value determined from 

field measurements. The value used for retardation was deter-

mined by measuring the organic carbon fraction of the soil in the 

field and then calculating a value for R. All other parameters 

are either calculated based on the value of hydraulic con

ductivity or values reported in the literature are used . 

Figure 4-2 shows the plume map generated by this model run • 

It is evident from this map that the plume is not large enough to 

encompass all of the contamination actually found in the field. 

At the 0.1 ppm concentration contour, the plume has only migrated 

about 150 feet from the source; whereas, Well #88-3 is about 425 

feet down-gradient from the source and has a naphthalene concen

tration of 0.15 ppm. Obviously, the plume is more mobile than 

the initial input parameters would indicate. In order to better 

calibrate the model to the actual naphthalene concentrations 

found in the field, most of the parameters were varied until 

achieving what was considered a "best fit" between model results 

and actual field conditions. 

Figure 4-3 and Figure 4-4 graphically present the results of 

what was determined to be the "most realistic" model run for this 

site. It should be noted that all model results were plotted as 

c;co versus distance along the X axis. The X axis distance 

(Figure 3-1) represents the furthest modeled distance down

gradient from the source that the contaminant can migrate. It 

was felt that a graphical representation of the output was easier 

to interpret than the raw model output which consisted entirely 

34 
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of numerous pages of unlabeled columns of numbers. 

those model runs which initially appeared to 

0 0 '"'('I' ,, . 
o \.1 ~I~ ,I, 

In addition, 

best fit the 

groundwater quality data, or in some other way were though~ to be 

informative, were also plotted as a plume in plan view on the 

map. Not all of the model runs were contoured in this manner due 

to the fact that each of them had to be contoured by hand. 

To obtain the result depicted in Figures 4-3 and 4-4, the 

model was calibrated by varying the retardation factor from a 

high of 156 (the calculated value) to a low of 1. In all, eight 

computer runs were used to calibrate the model to this parameter. 

Figure 4-5 presents the results of six of the model runs in which 

retardation was varied from 156 to 15. Figure 4-6 presents the 

results of a model run in which no retardation (R = 1) was 

modeled. Obviously, the model is very sensitive to changes in 

the retardation factor. For instance, at the c;co = 0.5 point, 

naphthalene migration is about 70 feet when R = 156 and about 

5300 feet when R = 1 after 60 years. This time step corresponds 

to the present situation found at the site assuming 1927 was the 

date when groundwater contamination began. 

The "best fit" was found when using the input of Run #25 

(Table 3-7), in which the retardation was set to equal 35. In 

this case, the modeled naphthalene plume was depicted as having 

migrated about 460 feet down-gradient at the 0.1 ppm concentra

tion level after 60 years time {1987). Although this model run 

best described the maximum extent of plume migration because it 

agreed with the concentration reported for Well #88-3, the model 

did not accurately predict the concentrations found in Wells #88-

1 and #88-2. Both of these wells had far less naphthalene in 

them than predicted: 0.48 ppm actual versus 30 ppm predicted for 

#88-1 and 1.9 ppm actual versus 19 ppm predicted for #88-2. This 

large discrepancy can be easily accounted for if the initial 

concentration Co is reduced to what is felt is a more realistic 

value of between 5 ppm and 10 ppm. This was done in Runs #26 

39 
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through #33 (Figures 12 and 13) and the indications are that a 

very close fit can be achieved for Wells #88-3 and #88-2; 

however, Well #88-1 would still have a concentration lower than 

predicted: 0. 4 8 ppm actual versus about 5 ppm predicted. By 

lowering the initial concentration of naphthalene, the extent of 

the down-gradient plume at the 0.1 ppm concentration level 

remains about 460 feet after 60 years time, which is the same 

result as when Co was set to 34 ppm. The actual naphthalene 

concentration from Well #88-2 would however, match its predicted 

value. In addition, the result for Well #88-1 would also be in 

much closer agreement with its predicted value. 

A possible explanation for the difference in calculated 

versus modeled retardation values could be the existence of 

inhomogeneities in the distribution of organic carbon throughout 

the soil profile. If the retardation value is set equal to 35, 

then the organic carbon fraction value would calculate out to be 

about 0. 0035, which is much less than the measured value of 

o. 016. However, the measured value might not represent the 

actual amount of organic carbon present in the aquifer. 

Alternatively, the octanoljwater partition coefficient of 2089 

may be in error or the empirical formula itself might be inac

curate. 

4.2 Sensitivity to Hydraulic Conductivity 
The model also proved to be highly sensitive to other 

variables in addition to the retardation factor. The model in 

fact, proved to be more sensitive to changes in hydraulic 

conductivity (K) than any other parameter. This result was 

anticipated due to hydraulic conductivity being used to calculate 

many of the other variables input into this model. Many of the 

other parameters are therefore not independent variables, and are 

instead ~ependent on the value for hydraulic conductivity. 

Figure 4-7 depicts the transport of naphthalene with 

successive one order of magnitude changes in the hydraulic 
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d t · · t · · · hv · f"' ... i~dv con uc 1v1 y. F1gure 4-2 shows the plume der1ved w1th t e 1e 

measured value of 3.3 x 10 -3 cmjsec for hydraulic conductivity. 

Figures 4-8 through 4-11 depict the other plumes that would be 

generated with changes in K of two orders of magnitude above and 

below this value. As can be seen in Figure 4-7, naphthalene 

migration at the C/Co = 0.5 point ranges between a low of 3 feet 

when K = 3.3 x 10-1 cmjsec to a high of about 4000 feet when K = 

3.3 x 10-5 cmjsec at 60 years. 

It is apparent that with this range of migration distances, 

the model could have been calibrated to the groundwater quality 

data by varying K instead of '\:he retardation. A value of K 

somewhere between 3. 3 x 10-3 and 3. 3 x 10-2 cmjsec would have 

obtained the u~sired results. This was not done however, because 

it was felt that of all the variables input into the model, the 

hydraulic conductivity was the best Anown and therefore, should 

not be changed. 

4.3 Sensitivity to Dispersivity 
The majority of model runs were run using a best estimate of 

dispersivity of 5 meters. This value was obtained using a 

distribution chart of dynamic dispersivity values for porous and 

fractured media (Javendal et al 1984). This value was however 

varied in a number of the runs to determine the sensitivity of 

the model to this parameter. Figures 4-14 and 4-15 depict the 

results of modeling four separate runs with dispersivities of 1, 

10, 15, and 20 meters. At the c;co = 0.5 point, naphthalene 

migration is respectively 42 feet, 63 feet, 68 feet, and 76 feet. 

Adjustments in this parameter did not affect the shape or 

movement of the contaminant plume to any great degree. 

4.4 Sensitivity to Biodegradation of the Solute 
The majority of model runs were run with a zero r_te of 

decay for naphthalene as a solute. This scenario is obviously 

the most conservative in that no contaminant is removed by decay. 
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Nevertheless, in order to obtain an understanding of the sensiti-

vity of the model to biodegradation, model runs #9 through #14 

(Tables 3-4 and 3-5) were run with varying rates of solute decay. 

Figures 4-16, 4-17, 4-18, and 4-19 depict the resu~ts of some of 
these modeling runs. 

As discussed in Section 3. 4. 8, a number of decay rates were 

chosen from the available literature to simulate degradation 

under both aerobic and denitrification conditions for both 

soil/water systems and groundwater systems. Decay rates were 

input into the model of 84.32jyear, 11/year, 0.693/year, 0.346/ 

year, and 0.231/year. These rates correspond to half-lives of 3 

days, 2 3 days, 1 year, 2 years, and 3 years. In addition, 

numerous time steps were modeled which included inputs of o. 1, 

0.2, 0.25, 0.3, 0.4, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 

40, 50, 60, and 120 years. 

The model proved to be very sensitive to this parameter in 

that no matter what the rate of decay input into the model or the 

time steps chosen, migration of contaminant was limited to within 

a few feet of the source. For instance, Figure 4-16 compares 

the transport distances of naphthalene under aerobic and denitri

fication conditions in soiljwater systems and shows that migra

tion is limited to less than 1 foot and about 5 feet in 60 years. 

Figure 4-17 plots transport distances under denitrification 

conditions for time intervals between 0.1 and 0.5 years. 

Comparison between these two figures shows essentially no 

difference between migration distances, no matter what time 

interval is used. Figures 4-18 and 4-19 compare transport 

distances with varying half-lives of 1, 2, and 3 years for time 

intervals of 0.5, 1, 5, 10, 60, and 120 years. Only slight 

increases in transport distances at the 0. 1 ppm concentration 

level were found with increasing half-life values. For instance, 

at the 0.1 ppm _evel and 60 y~ar time interval, maximum transport 

distances are about 22, 30 and 38 feet for half-lives of 1, 2, 

and 3 years. 
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None of the modeled biodegradation computer runs came even 

close to predicting the observed extent of naphthalene plume 

migration. Apparently, very little if any biodegradation of 

naphthalene appears to be occurring in the groundwater system. 

This result was unexpected because a number of studies have 

indicated naphthalene should readily degrade in groundwater, 

especially considering the length of time available at this site 

(60 years). Two explanations for this might be that either the 

oxygen content of the groundwater has been depleted to near zero 

or no indigenous microbial population exists that is capable of 

metabolizing naphthalene. 

4.5 Hypothetical source Removal 
An attempt was made to predict tre extent of plume migration 

after removing the majority of the source at the CERCLA Lagoon 

under a hypothetical remedial action. Source removal was assumed 

to decrease the initial concentration of naphthalene in ground

water to 1 ppm. The resulting plume that was generated after 60 

years time is presented in Figure 4-20. A comparison of this 

figure with Figure 4-3 shows that although the overall concen

tration of the plume is drastically decreased under the source 

removal scenario, the maximum extent of plume migration at the 

0.1 ppm level after 60 years is still almost 400 feet. Basically 

no difference in the extent of the plume was found, regardless if 

the initial concentration was 34 ppm or 1 ppm. 
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5.0 SUMMARY AND CONCLUSIONS 

The intent of this study was to apply an analytical solute

transport model in the area of the CERCLA Lagoon in an effort to 

predict the extent of plume migration and naphthalene concentra-

tions. Although many assumptions were made in running this 

model, the modeled results were found to reasonably explain the 

distribution of the naphthalene plume under varying conditions. 

It should be noted that this model is a simplification of the 

actual site conditions and as such, it can not be expected to 

explain 100% of the variations in contaminant concentrations 

found at the site. The model can be best used, however, in 

placing bounds on the problem, testing new ideas, determining 

which of the parameters are most important in accounting for the 

majority of variation, and testing clean-up actions. The model 

also proved to be fairly accurate in determining the maximum 

extent of plume migration,. even though contaminant concentrations 

at individual wells were often in error. 

In summary, 

the modeling of 

CERCLA Lagoon: 

a number of conclusions can be made regarding 

naphthalene transport in the vicinity of the 

1) A total of 34 computer runs were modeled in 
this study. 

2) The modeling results proved to be extremely 
sensitive to variations in both the hydraulic 
conductivity and the retardation coefficient. 

3) 

4) 

Calibration of the model by varying retarda
tion was chosen as preferable to varying the 
hydraulic conductivity. The reasoning behind 
this discission was the value for the average 
hydraulic conductivity was felt to be better 
known than the value for the retardation 
coefficient. 

Calibration of the model was undertaken by 
varying the retardation a total of eight 
times from a value of 156 to 1. A retarda
tion of 35 proved to model the maximum extent 
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of naphthalene migration the best. 

5) Although the extent of the plume was ac
curately modeled, naphthalene concentrations 
at individual wells were found to be much 
lower than the model predicted. 

6) Lowering the initial concentration of 
naphthalene from 34 ppm to between 5 and 10 
ppm and keeping the retardation around 35 
will give the closest fit between actual data 
and predicted data. 

7) The model also proved. to be sensitive to 
variations in degradation rates. Half-lives 
of 3 days, 23 days, 1 year, 2 years, and 3 
years were model as well as numerous time 
steps of 0.1, 0.2, 0.25, 0.3, 0.4, 0.5, 1, 2, 
3, 4, 5, 6, 7, a, 9, 10, 20, 30, 40, 5o, 60, 
and 120 years. The results of these modeling 
runs indicated tha very little plume 
migration would occur more than a few feet 
from the source. The maximum extent of plume 
migration at the 0.1 ppm level was found to 
be only about 40 feet with a half-life of 3 
years and a time interval of 120 years. 

8) Apparently, very little if 
biodegradation appears to be 
this time. 

any in-situ 
occurring at 

9) The model is not sensitive to variations in 
dispersivity. 

10) Modeling source removal by assuming the initial 
concentration of naphthalene in groundwater would 
be 1 ppm, indicated the maximum extent of the 
plume would be about the same as when no source 
removal was undertaken. 

61 



I 
i_ 
r 
l 
i 

'' 

I 0 

) 

0 0 7 01 .! t1 
6 • 0 REFERBHCES 

Anderson, M.P., 1984, Movement of Contaminants in Groundwater: 
Groundwater Transport - Advection and Dispersion, in Studies 
in Geophysics - Groundwater Contamination: National Academy 
Press, Washington D.C. 

Borden, R.C., Lee, M.D., Wilson, J.T., Ward, C.H. and Bedient, 
P. B., 1984, Modeling the Migration and Biodegradation of 
Hydrocarbons derived from a Wood-Creosoting Process Waste, 
in Petroleum Hydrocarbons and Organic Chemicals in Ground
water Prevention, Detection, and Restoration, NWWA, 
Worthington, Ohio. 

Cleary, R.W. and M.J. Ungs, 1978, Groundwater Pollution and 
Hydrology, Mathematic Models and Computer Programs, IEP 
Report 19/8-WR-15: Water Resources Program, Princeton 
University. 

Cooper, H.H., Jr., J.D. Bredehoeft, and I.S. Papadopoulos, 1967, 
Response of Finite-Diameter Well to an Instantaneous Charge 
of Water: Water Resources Res., 3, pp. 263-269. 

Freeze, R.A. and J .A. Cherry, 1979, Groundwater: Englewood 
Cliffs, New Jersey, Prentice-Hall Inc. 

Hansch, N.C. and A. Leo, .1979, Substituent Constants for Cor
relation Analysis in Chemistry and Biology: New York, Wiley 
and Sons, Inc. 

Hvorslev, M.J., 1951, Time Lag and soil Permeability in Ground
water Observations: Vicksburg, Mississippi, u.s. Army Corps 
Engrs. Waterways Exp. Sta. Bull. 36. 

Javandel, I., C. Doughty, and C. F. Tsang, 1984, Groundwater 
Transport - Handbook of Mathematical Models: Washington, 
D.C., Water Resources Monograph Series 10, American Geophy
sical Union. 

MacKay, D.M., Roberts, P.V., and Cherry, J.A., 1985, Transport of 
Organic Contaminants in Groundwater, Environmental Science 
Technology, 1·9 (5), pp. 384-392. 

Mihelcic, J.R. and Luthy, R.G., 1988, Microbial Degradation of 
Acenaphthene and Naphthalene under Denitrification Condi
tions in Soil-Water Systems, Applied and Environmental 
Microbiology, May. 

62 



/ 

I r 
t 
f 

'' 

00 "0' .,... • ... •t J 

Mihelcic, J.R. and Luthy, 
Aromatic Hydrocarbon 
tions in Soil-Water 
Microbiology, May. 

R.G., 1988, Degradation of Polycyclic 
Compounds under Various Redox Condi

Systems, Applied and Environmental 

Roberts, Paul v., 1987, Nature of Organic 
Groundwater and Approaches to Treatment: 
sity, Dept. of Civil Engineering. 

contaminants in 
Stanford Uni ver-

Todd, O.K., 1980, Groundwater Hydrology, 2nd Edition: New York, 
John Wiley and Sons. 

ReTeC, 1987a, Phase II Remedial Investigations at the Burlington 
Northern Site in Somers, Montana, February 1987. 

ReTeC, 1987b, Feasibility Study for the Burlington Northern Site 
in Somers, Montana, March 1987. 

ReTeC, 1987c, Risk Assessment for the Burlington Northern Site in 
Somers, Montana, March 1987. 

ReTeC, 1988, Draft - Initial Groundwater Computer Model Runs, 
Burlington Northern Site, Somers, Montana. 



/ 

APPENDIX A 
COMPUTER CODE FOR ANALYTICAL SOLUTION 

. "1 

,..; 

..... 



/ 

f 

I 
I_ ,. 
r 
I 
i 

.. --......-:..,.. .. ~·;-·.-.-;;-····-···· 

t l 

STRIP.PRG 7535 3·14·88 

file • strip. inc 

c include file for strip.fcr progr .. 
i""licit real * 8 Ca·h, o·z) 
common /ga/ dl, dt, v, a, coni 
common /bat/ al fa, a lam, r 
common /cat/ xx, yy, tt, ttO 

c 

file • strlp.for 

progr11111 test 

12:54 

c teat version of code, not conmented or cleaned 
c from I raj •s agu mono and various nunerical methods text 
Sinclude:'strlp.inc• 

dimension cd(80,80), xC500), y (500), t(20) 

open <5, file•'inp') 
open <6, file• 1out') 

read (5, *) ,..,_, IUIIY, 111111t 
If ,,..,_ .lt. 1) stop 

read (5, *) (X( I), 1•1, IUIDI) 
read (5,*) Cy(i), 1•1, IUIIY> 
read C5,*) (t(i), i•1, ..u.t) 
read (5,*) dl, dt, v, a 
read (5, *) al•, r, alfa 
read (5,*) coni 

write (6,610) v, dl, dt, a 
write (6,620) ala~~, r, al fa 
write (6,630) ,..,_, IUIIY, I'IUit 
write <*,610) v, dl, dt, • 
write (*,620) alam, r, alfa 
write (*,630) nunx, IUIIY, runt 

do 30 I = 1, nunx 
do 20 j " 1 , runy 

cdCI,i> "0. 
20 continue 
30 continue 

40 
50 

900 

do 80 it =1, runt 
tt = t(it) I r 

do 50 i = 1 , nunx 
XX '" X(i) 
do 40 j =1, IUIIY 

yy • y(j) 
call cone( tt, cd(i,j) ) 
if Ccd(i,j) .le. 1.0d·20) cdCi,j) • 0.0 

continue 
continue 

write (6, 640) t(i t) 
write C*, 640) t( it) 
write (6, 900) 
format c' X y c (ppm)') 

do 70 iy .. 1, nuny 

·' 



-- ~.,...--. _--- -; . 

I ,.-
r 
t 
f 

do 60 lx • 1, rulllt 

xcord • x(ix) * 3.281d0 
ycord • y(iy) • 3.281d0 
If (ycord .lt. 1.d·2) then 

else 

end if 
60 continue 
70 continue 

80 continue 

write (6,660) xcord, ycord, cdCix, iy) 

yycord • ·ycord 
write (6,660) xcord, ycord, cd(ix, iy) 
write (6,660) xcord, yycord, cd(ix, iy) 

610 fO .... t (I V a I 1 1pe12,4, 1X1 I dl a I 1 1pe12,4, 1X1 
$ I dt a I 

1 
1pe12.4, 1X, I 8 a I 1 1pe12,4) 

620 fo.._t ( 1 DIM •1, 1pe12.4, lx, 1 r • 1 , 1pe12.4, 1x, 
S 1alfa • 1 , 1pe12.4) 

630 fonnat c 1 I'UI!X ,.1 iS, 1x, 1I'UIIy • 1 , 15, tx, 111U11t • 1 , i5) 
640 fo.._t ( 1 time • :, 1pe12.4) 
660 for.at (3x, 1pe12.4, 3x, 1pe12.4, 3x, 1pe12.4) 

stop 
end 

slbroutine f~.ne (x5,xsol) 
Sinclude: 1anal.inc 1 

real*8 derf 
pi • 3.14159265d0 

w .. (V*xx/(2.dO*dl)) • (alfa*tt) 
W • dexp (W) 

DB • • (al.m*r • alfa*r + 
S CV**2)/(4.d0-dl))*x5 • Cxx**2/C4.dO*dl*x5)) 

888 • dexp (DB)/ dsqrt(x5**3) 

bb • (a•yy)/( 2.d0 • dsqrt (dt*x5) ) 
cc • <·a·yy)/(2.d0 * dsqrt Cdt*x5)) 

bbb • 1.d0 • derf(bb) 
CCC • 1.d0 • derf (CC) 

pi • 3.14159265d0 
xsol • coni • aaa • (ccc ·bbb) • (XX/( 4.d0 * dsqrt Cpi*dl))) *w 

return 
end 

real*8 function derf cxz> 
implicit real *8 (a·h, o·z) 
dimension d(101) 

if (dabs(XZ) .gt. 3.6d0) then 
derf • dsign (1.dO,xz) 
return 

end if 

n = 100 
nl = n+l 
pi= 3.14159265d0 
c = 2.d0 I dsqrt (pi) 
h = XZ/n 
do 130 I = 1, n1 



/ 

y • (f·1)*h 
d( i) .. dexp ( ·yoy) 

130 contil'ale 

e1 " O.dO 
do 140 f •3, n1, 2 

e1 • e1 + (d(f·2) + 4.d0 * d(f•1) + d(f)) * Ch/3.d0) 
140 continue 

derf • c * e1 

return 
end 

····················•·•···········•···········•·····•························· 
file • strip2.for 
···························-·················································· 

si.Croutine conc(tt, xxsol) 
Implicit reel*! (e·h, o·z) 
par-ter Cnpointo:30, x1=0.d0, x2a1.d0) 
dimension x;Cnpofnt), wg(npoint) 

x3 • tt 
cell geuleg(x1, 1112, xg, wg, npofnt) 
call aaule;Cx1, x!, xa, w;, npoint) 
xxsol • O.OdO 

do 12 f • 1,npofnt 
call funeCxaCI), xsol) 
xxsol • xxsol + waC!) • xsol 

12 continue 

return 
end 

··························-··················································· 
file • strip3. for ............................................................................... 

11 

12 

si.Croutfne aeuleg(x1, 1112, xa, ~. n> 
i~pllcft reel*! (e·h, o·z) 
reel•a xaCn), wa<n> 
parameter Cepa•3.d·12) 

mo(n+1 )/2 
xmz0.5dO*Cx2+x1) 
xla0.5dO*Cx2·x1) 

do 12 1•1 ,m 
zzdcos(3.141592654dO*(i·.25dO)/(n+.5dO)) 

continue 
p1•1.d0 
p2zO.dO 
do 11 J•1,n 

p3cp2 
p2ap1 
p1•C<2.d0* J ·1.dO)*z*p2·C j ·1.dO)*p3)/ j 

continue 

pp=n*(Z*p1·p2)/(z*z·1.d0) 
zl=z 
z=z1·p1/pp 
if(dabscz·zl).gt.eps)go to 1 

xg( I ):oxm·xt•z 
xg(n+1·1)=xm+xl*z 
wg( i ) .. 2.dO*xl!C ( 1.d0· z*z)*pp*pp) 
wg(n+1·1 )=wg( i) 

continue 

return 
end 

·.• 



'' 

file • inp (s~le input file) 

7 , 2 
10. 15. 20. 25. 30. 35. 40. 23. 26. 29. 32. 35. 41. 50. 60. 70. ISO. 90. 100, 
0. 2. 4. 6. 8. 10. 15. 20. 25. 30. 35. 40. 45. so. 
100. 365. 
1. 0.1 0.1 50. 
o. 1. o. 
1. 

file • out (result fran r~r~ of s~le input file • inp) 

v • 1.0000E·01 dl • 1.0000E+OO dt • 1.0000E·01 a • S.OODOE+01 
alam • O.OOOOE+OO r ~ 1.0000E+OO alfa • O.OOOOE+OO 
nunx • 7 runy • 1 I'IU!It • 2 
time • 1.0000E+02 

X y C (Pfllll) 
3.2810E+01 O.OOOOE+OO 7.1379E·01 
4.9215E+01 O.OOOOE+OO 5.3461E·01 
6.5620E+01 O.OOOOE+OO 3.6498E·01 
8.2025E+01 O.OOOOE+OO 2.2561E·01 
9.8430E+01 O.OOOOE+OO 1.2563E·01 
1.1484E+02 O.OOOOE+OU 6.2769£·02 
1.3124E+02 O.OOOOE+OO 2.8057E·02 

time • 3.6500E+02 
X y c (~) 
3.2810E+01 O.OOOOE+OO 9.5269£·01 
4.9215E+01 O.OOOOE+OO 9.1382£·01 
6.5620E+01 O.OOOOE+OO 8.6420E·01 
8.2025E+01 O.OOOOE+OO 8.0389£·01 
9.8430E+01 O.OOOOE+OO 7.3409£•01 
1.1484E+02 O.OOOOE+OO 6.5687E·01 
1.3124E+02 b.OOOOE+OO 5. 7498E·01 

ffle • atrlp.exe Cia the executable file, type •atrfP" to uae pr011r1111) 

OC7CL.i0 




